Introduction
============

Interest in the functional role of biodiversity has burgeoned in recent years ([@b17]), including its potential to enhance the sustainability and output of agricultural systems ([@b160]; [@b107]). This interest stems from the often assumed, and sometimes demonstrated ([@b143]), cause and effect relationship between particular components of biodiversity and long-term agricultural productivity. Biodiversity of organism groups such as decomposers, predators, pollinators, etc. are thought to increase the provision of specific agricultural services by providing an array of functionally complementary species. Such complementarity may raise agricultural productivity. The mechanisms are diverse, but in the broadest terms, biodiversity may act in an 'insurance' role, buffering systems against stresses or losses, while also increasing the multi-functionality of a system ([@b52]), known as the 'niche differentiation effect' ([@b159]; [@b125]; [@b100]).

Many of the problems encountered in high-input global agriculture (e.g. nutrient runoff, pests, weeds and erosion) are among those that a diverse ecosystem is predicted to counteract. In particular, the functional role of soil microbial diversity in agroecosystems has received much attention to date. Higher nutrient use efficiency, increased soil aggregate stability and respiration, improved organic matter formation and increased water regulation, are among the soil-related processes that microbially-diverse systems are hypothesized to promote ([@b97]; [@b12]).

Despite numerous ecologically-focused studies on the role of microbial diversity in agroecosytem function ([@b147]; [@b161]), surprisingly little is known about: (i) the evolutionary selection pressures that promote or diminish microbial biodiversity in agricultural systems, (ii) whether promotion of microbial biodiversity can convincingly be linked to increases in agricultural productivity and/or sustainability (see e.g. [@b102]), and (iii) whether farmers can (and should) actively modify management practices to manipulate evolutionary selection pressures for increased service provisioning from soil microbes.

Here, we examine these questions by focusing on one critical group of soil microbes, abundant in both agricultural and natural ecosystems: arbuscular mycorrhizal fungi (AMF). In this 450-million-year-old symbiosis, the mycorrhizal fungal partner forms an obligate symbiosis with its host plant, exchanging nutrients from the soil for carbon from the host. This interaction is arguably the world\'s most abundant symbiosis, responsible for massive amounts of nutrient transfer globally ([@b55]). In agricultural systems, arbuscular mycorrhizae form associations with almost all important crops (maize, wheat, soybean, but not: cabbage, mustard and beet), and are therefore an intricate component of the above- as well as the belowground ecosystem. Increasingly, the role of AMF in pathogen suppression ([@b93]), pollination enhancement ([@b15]), herbivore protection ([@b40]; [@b5]) and improved water relations are being recognized ([@b4]; [@b170]).

Diversity of AMF: How diverse is diverse?
=========================================

The number of species currently recognized in the phylum of Glomeromycota (i.e. AMF, [@b144]) is about 200 ([@b127]). Recent evidence, however, suggests the number of species may actually be an order of magnitude higher ([@b162]). This number of species is still surprisingly low compared to other groups of fungi (e.g. Basidiomycota, Ascomycota; [@b62]). The relatively low number of species may reflect the fact that nearly all AMF species are compatible with almost all mycotrophic plant species ([@b150]), and thus the absence of speciation through host-specialization. However, a second explanation for low species number is a technical one: a bias towards easily culturable AMF species. Indeed, taxonomic delineation of AMF is a Herculean task. Current taxonomy is based on morphological characters of asexual resting spores. While this technique has revealed relatively low numbers of AMF species compared to other taxonomic groups, new molecular techniques applied at the community level are revealing unexpected high diversity of AMF in colonized roots (e.g. [@b163]; [@b139]; [@b118]). This apparent discrepancy may be related to the long asexual evolution of AMF. A long asexual evolution can lead to substantial genetic diversity within single morphologically-recognized species ([@b24]; [@b129]; [@b130]; [@b153]), potentially maintained by diversifying selection (i.e. selection for polymorphism at the population level in a heterogeneous environment in time and/or space; [@b22]). Further, because AMF lack most forms of septation, multiple nuclei can be transmitted through sporulation with no distinction between soma and germ line ([@b68]). Therefore, there is variation within a single germline and life-history mutations that are transmitted to vegetative offspring are potentially evolutionarily important ([@b30]).

Increasingly, research is revealing more host specialization in AMF than had been previously recognized ([@b45]; [@b151]; [@b53]). This is indicated by the occurrence of non-random host-AMF assemblages ([@b162]; [@b74]; [@b141]; [@b118]) -- we now know that AMF show significant preferences to different host plant species and vice versa ([@b136]). The trend for specificity even extends to different genotypes within a single AMF species ([@b24]). This means AMF genotypes differentially affect -- as determined by plant biomass production and nutrient uptake in comparison to non-mycorrhizal controls -- their host plants, in both positive ([@b109]; [@b87]) and negative ways ([@b87]). For instance, although plants may consistently experience increased phosphorus uptake in response to AMF, actual plant growth responses are not consistently positive ([@b154]). The interplay of biotic and abiotic conditions (e.g. host density, photosynthetic levels and available nutrients) will strongly determine the degree of benefits conferred to the host ([@b37]; [@b77]).

From an applied point of view it is diversity of functional traits, more than species diversity (which may not coincide; [@b86]; [@b122]), that will be of interest to agricultural management ([@b39]). Do AMF differ functionally and how might this be important for crop plants? For example, differences in the average distance forged to nutrient sources by the fungal hyphae ([@b151]; [@b66]), and species' abilities to exploit nutrient patches ([@b19]) have been found, with species varying in their inorganic versus organic nitrogen uptake ([@b91]). Other agriculturally important functions in which AMF species have been found to differ include the ability to stabilize soil aggregates ([@b171]), and their capacity to mediate water uptake ([@b103]).

It has been suggested that these types of functional traits, for instance the ability to protect host roots against pathogens ([Fig. 1](#fig01){ref-type="fig"}), are phylogenetically conserved ([@b98]; [@b121]). This increased protection against pathogen infection might explain why plants maintain interactions with particular AMF families, even when others may provide greater phosphorus (P) uptake benefits ([@b121]). Another class of functional traits, carbon allocation strategy, differs greatly between fungal species. Amount of carbon extracted from host ([@b119]), the species' sporulation investment ([@b112]; [@b166]), and the allocation of host carbon to storage versus nutrient uptake ([@b1]), can influence the overall benefits received by the crop host over its lifetime.

![Example of a functional trait (pathogen protection) as it relates to AMF phylogeny. Percentage of roots colonized by soil pathogens, either *fusarium oxysporum* or *pythium sp*., (*y*-axis) is presented as a function of AMF species (*x*-axis) grown on *Plantago lanceolata* in a greenhouse experiment. Representatives of AMF families are divided with dashed lines (families represented by values: Gl = Glomeraceae; Sc, Gi = Gigasporaceae, Ac=Acaulosporaceae; AMF species where values are missing have not been tested). The trait of pathogen protection is relatively conserved within, but differs among families. Figure taken from [@b121].](eva0003-0547-f1){#fig01}

Complementarity of AMF functional groups
========================================

If AMF differ widely in their functional traits, then agricultural management may aim to utilize the selection pressures that best optimize AMF species mixtures. This would theoretically increase the multi-functionality of the system. It has been proposed that AMF species complement each other when simultaneously colonizing a root system by occupying different niches ([@b88]; [@b98]). What do we know about complementarity and how does increasing AMF biodiversity affect the productivity of plant communities?

A widely cited diversity-productivity AMF experiment suggested that increasing the number of AMF species in simulated microcosms increased the biomass of the plant community tested ([@b54]). This experiment involved increasing AMF richness from 1 up to 14 species and measuring AMF density, plant biomass and P uptake by a plant community consisting of 15 species. The authors proposed the biomass increase was the result of enhanced nutrient scavenging by the AMF community that, as a whole, exhibited functional complementarity in the utilization of a range of nutrient niches. Since then, multiple experiments have found increased P uptake and growth in plant species when they were simultaneously inoculated with mixtures of AMF species ([@b44]; [@b67]; [@b61]), especially when the mixtures were composed of phylogenetically overdispersed AMF species ([@b88]; [@b98]). A mechanistic explanation is provided in an experiment by [@b151] in which one of two AMF species was grown on Medic (*Medicago truncatula*) in the presence of a heavy P isotope placed at a distance from the roots. Both AMF species increased P uptake, but one species increased the proportion of the heavy P isotope significantly more, indicating the AMF species differed strongly in spatial P-uptake patterns.

In theory, the complementarity phenomenon holds promise for agricultural soil management. Potentially, suites of functional groups may be co-inoculated to stimulate crop nutrient uptake. However, often particular combinations of AMF do no better ([@b33]) or even worse ([@b67]) than the best yielding AMF singly. For instance, in an experiment comparing seven inbred lines of maize grown with six AMF species, [@b105] found that maize biomass was greatest when inoculated singly with one AMF species, and growth was actually depressed when maize was simultaneously inoculated with all six species.

On an evolutionary timescale, increasing the numbers of AMF strains can create a 'tragedy of the commons' ([@b48]). The tragedy is that less-mutualistic strains potentially share in the collective benefits (e.g. host assimilates), while paying fewer costs (e.g. energy expended to transfer nutrients; [@b80]). The costs for host plants of supporting symbionts can be high: the formation and maintenance of mycorrhizal structures can consume between 5% and 20% of the host\'s photosynthetically fixed carbon ([@b28]). Similarly, a number of energy-consuming steps are necessary to supply P to a plant host (e.g., P uptake by fungus, conversion to polyphosphate, transport and efflux to the plant; [@b32]; [@b165]). As the cost of supplying these benefits to the crop host increases, cooperation becomes a less favourable strategy ([@b145]; [@b60]). When a host plant is colonized by multiple symbionts, theory predicts that 'free-riding' AMF strains can spread at the expense of more mutualistic strains ([@b27]), perhaps by 'hiding' among more beneficial strains ([@b8]). Indeed, in a microbial system (where cooperation was intra- not interspecific as in the mycorrhizal mutalism), relative fitness of a non-cooperative strategy was greater when non-cooperators were rare (see [@b132]), suggesting that hiding among mutualist strains may be a successful evolutionary strategy.

Costs of AMF 'free-riders' may be particularly acute in agricultural situations where increased nutrients can skew the benefit:cost ratio in favour of the less beneficial strains ([@b69]; [@b82]; [@b29]; [@b75]). In situations where nutrient availability is high, strategies to maximize nutrient scavenging become less crucial. Being colonized by a consortium of AMF strains may likewise become less crucial. In a recent experiment involving another type of rhizosphere mutualists (nitrogen (N)-fixing *Rhizobium* symbionts), it was found that in a high N environment, plants had the lowest fitness when inoculated with a mixture of strains than when inoculated with the worse single strain alone ([@b51]). The authors suggested that when there is less to be gained from symbiosis, such as for plants under high nutrient conditions, it is more costly to harbour multiple strains than just a single one. This higher cost has been hypothesized to arise either directly (e.g. via the need to control resource allocation to multiple strains instead of one, as suggested by [@b51]), or indirectly (e.g. via antagonism between the strains; [@b63]) potentially reducing their effectiveness over ecological and evolutionary time scales. More empirical data are needed to understand how interactions among symbionts are altered by resource availability.

In contrast, it could also be argued that competition among strains, at least in theory, has the potential to increase the evolutionary persistence of the mutualism ([@b34]) by imposing variation that reinforces host choice. Although partnering with a less-mutualistic strain is unlikely to directly benefit the host, colonization by several symbionts may allow the host to select the most beneficial strains among several competitors. If plant hosts have the ability to evaluate strains and preferentially supply more resources to more beneficial partners, as has been shown for some plants and their mutualists ([@b83]; [@b81]; [@b149]; [@b8]), then increasing the functional range of strains colonizing a host could be an advantage rather than a cost. In a theoretical study [@b35] show that competition on one side of the symbiosis is actually critical for the evolutionary persistence of a (one-sided) obligate mutualism, and therefore plant benefit. Does this hold true for agricultural systems? In the next section, we discuss the unique selection pressures of agricultural systems and how these differences play a role in determining the functional benefits of AMF diversity.

Selection pressures in agricultural versus natural systems and their role in AMF diversity
==========================================================================================

Agricultural systems can be exposed to incredibly intense selection pressures over very short time scales. Microbial strategies or traits not typically found in natural habitats, can arise under intensive agricultural management. For example, large acreages of wheat, rye and barley likely facilitated the recombination of two distinct stem rust pathogens of wheat and rye, leading to the emergence of a new pest highly pathogenic to barley ([@b14]). For AMF, sporulation strategy is an example of a trait strongly affected by agriculture; AMF isolated from intensively (no crop-rotation, high input) managed agricultural fields exhibit earlier onset of sporulation compared to the same species from extensively managed agricultural systems and grasslands ([@b111]), suggesting strong selection for rapid reproduction. Similarly, AMF in cropping systems are required to endure long fallow periods in which hosts are absent, selecting for strong seasonality in the activity of AMF ([@b25]; [@b58]).

In understanding how agricultural selective pressures shape AMF communities, the concept of r-selection ([@b120]) as a framework for studying life-history evolution, particularly for microbial ecology ([@b36]; [@b155]), can be useful. R-selection favours organisms adapted to environments requiring fast, copious reproduction and dispersal. Because intensive agricultural regimes can create unstable and unpredictable environmental conditions characterized by disruptive tillage regimes, high nutrient fluctuations, and large-scale removal of annual host plants, there is less advantage in adaptations that allow AMF to compete for limited resources. Instead, rapidly changing environments are likely to favour AMF employing *r*-strategies, such as the ability to quickly reproduce. This means less functional complementarity of AMF assemblages in agricultural systems than in natural, nutrient-limited ecosystems ([Fig. 2](#fig02){ref-type="fig"}). Therefore the positive 'niche-partitioning effect' of AMF (e.g. different AMF species occupying different and potentially complimentary nutrient niches in space and time; [@b128]), identified in numerous greenhouse experiments ([@b92]; [@b148]) is not likely to be as prevalent under intensive field management dominated by *r*-selected microbial mutualists.

![Conceptual relationship between agricultural management intensity and AMF functional diversity. Through strong *r*-selection imposed by intensive agricultural practices (e.g. high nutrient input, low crop diversity, and high tillage frequency) diverse AMF functional traits may be lost. As management intensity increases, AMF are predicted to shift from (A) functionally diverse communities with extensive hyphal mattes and large spores to (B) AMF communities with little investment in mycelium and fast production of numerous spores.](eva0003-0547-f2){#fig02}

Agricultural management practices will differ in strength in which they select for or against multi-functionality. Below we ask, what are the characteristic selection pressures of agricultural systems that promote or diminish AMF biodiversity, and can these selection pressures be modified in ways that maximize the benefits of AMF to farming systems? Here we consider four regimes specific to agricultural management: (i) tillage, (ii) nutrient input, (iii) crop rotations, and (iv) crop diversity schemes.

Tillage
=======

Tillage is arguably the most unique and strongest agricultural selection pressure for mycorrhizal symbionts. Although tillage practices can vary in intensity from ploughing (lower-intensity) to ripping (higher-intensity), most represent some form of intense disruption. In contrast, except for instances involving uprooted trees or movement of soil-burrowing animals, AMF are generally not exposed to soil disturbances of this scale. Their extensive hyphal matts, which can reach lengths up to tens of meters in one gram soil ([@b137]), are the foundation for their nutrient transfer capability and are strongly correlated with, and responsible for, plant biomass production ([@b121]). Repeated destruction of this integral hyphal network in agricultural systems has the potential to radically alter the evolutionary trajectory of the organism.

It is well-established that tillage decreases mycorrhizal diversity at the family level ([@b64]), and can lead to competitive dominance by only a few strains (e.g. [@b104]). AMF species have been found to differ in their tolerance to hyphal disruption ([@b123], [@b124]) and ecological shifts in AMF community composition are often noted when high and low tillage regimes are compared ([@b10]; [@b64], [@b65]; [@b18]; [@b2]). Although AMF can use spores to infect new plants, there are species of AMF that can colonize through fragmented hyphal networks and infected rootpieces ([@b9]); intense tillage regimes have been hypothesized to favour such species ([@b46]). AMF in the Gigasporaceae family (recently split into five distinct families; [@b114]) do not utilize infected root pieces or hyphae fragments to colonize hosts, and a decrease of species in this family upon tillage is often reported ([@b25]; [@b65]; [@b18]). When hyphal networks are disturbed, AMF in the Gigasporaceae repair broken linkages by reconnecting the broken ends ([@b124]) suggesting the family is not completely maladapted to disturbance. Under natural conditions, reconnecting broken hyphal ends and their reliance on energy-rich spores may represent optimal proliferation strategies. Indeed, members of this family are often found in sand dunes ([@b21]; [@b89]), a habitat characterized by high natural disturbance. However, even higher levels of disturbances such as high tillage regimes and destructive harvesting, may decrease the success of these strategies for the Gigasporaceae. AMF in the Gigasporaceae have been shown to functionally complement other AMF families (e.g. Glomeraceae, Acaulosporaceae) in the P-nutrition of plants due to their higher soil-hyphal density ([@b98]), so their elimination from agricultural systems represents a potential loss of useful functional diversity for crop hosts.

In contrast, AMF in the Glomeraceae, a very cosmopolitan AMF family with species spreading across global agricultural systems ([@b131]), are able to randomly connect hyphae in close proximity after disruption. This strategy is more energy intensive, and could represent a larger carbon cost for the host, but is arguably an optimal strategy for rapid recovery of the symbiont under large disturbance regimes.

Tillage will also modify the evolutionary trajectory of AMF by decreasing the spatial structure so that local fungal communities are no longer isolated ([@b130]). In natural ecosystems, fungal dispersal may be limited to distances reached by hyphal extension. Spatial structure is likely to enhance the functional diversity of fungal communities by creating patches harbouring distinct populations thereby increasing total diversity of a given soil volume. Extreme spatial structuring is likewise predicted ([@b81]) and shown ([@b8]) to be positive for the evolutionary persistence of mycorrhizal interactions as it increases the relatedness among strains within a host root, and among fungal conspecifics in nearby soil. Theoretically no-till systems would increase relatedness among strains by decreasing dispersal distances. This will increase the probability that benefits of cooperation will be shared with related kin (Hamilton 1964). This could promote the evolution of mutualistic interactions by isolating less mutualistic symbiont patches from more mutualistic ones ([@b169]; [@b94]), facilitating the ability of hosts to direct resources to patches of high-quality mutualists ([@b8]). However, benefits to cooperation may be offset by the increased competition generated between kin in patchy, unmixed populations ([@b42]). In the case of mycorrhizal fungi, this means that competition for local resources among relatives could completely negate any potential kin-selection advantage ([@b168]).

Increasingly, research from natural systems is revealing high local diversity of AMF (e.g. within a single root; [@b162]) which testifies to relatively low spatial structure and weak genetic differentiation found among field populations ([@b24]). Studies are now needed to asses the relationship between genetic structuring of fungal communities and the effectiveness and functional diversity of these communities, as they relate to tillage regime. Studies should include an examination of different tillage types (e.g. mouldboard or chisel-disk plowing; [@b38]), as these may have a different influence on the (intraspecific) diversity of AMF communities ([@b11]). Although spatial structuring has been the subject of much theoretical work ([@b167]; [@b94]), different tillage regimes can provide ideal empirical models for studying the consequences of how spatial structuring modifies competitive interactions and the evolution of functional diversity in microbial communities.

Nutrient input
==============

Prevailing theory argues that positive species interactions are more likely to emerge and be maintained in poor-quality environments ([@b59]; [@b158]). In rhizosphere mutualisms, this is because nutrient enrichment has the potential to ameliorate the nutrient limitations that make mutualists beneficial ([@b70]). Fertilization can make microbial partners costly, even parasitic ([@b60]; [@b135]). Intensive agriculture is characterized by high N and P inputs. When exposed to high nutrients, host plants may severely decrease or cease resource allocation to their fungal partners, resulting in decreased AMF colonization ([@b96]). As host plants reduce resource allocation to their roots, competition for limited carbon resources increases. This is predicted to shift the competitive balance among microbes, favouring more aggressive, antagonistic microbial genotypes in subsequent generations ([@b82]; [@b158]; [@b80]; [@b70]). Such competitive shifts have the potential to alter the evolution of AMF functional traits, for instance increased allocation to reproduction and/or storage structures and away from the hyphal networks ([@b72]). One recent study found that AMF investment in storage vesicles increased four-fold in fertilized compared to control plots ([@b110]). These types of strategies will likely favour a subset of AMF that are highly competitive but less beneficial to the host crop.

Indeed, long-term studies monitoring the impact of fertilization on AMF communities have found significant shifts in species composition and negative impacts on mycorrhizal functioning ([@b157]; [@b69]; [@b43]; [@b79]). Shifts towards reduced resource allocation to extraradical mycelium and arbuscules upon nutrient addition are common ([@b73]), but experiments to test whether these are ecological (species replacement), evolutionary (individual genetic changes) or represent phenotypic plasticity of existing symbionts are scarce. In one study that excluded the plasticity effect, [@b69] found roots inoculated with mycorrhizae from long-term N and P fertilized plots were dominated by vesicles (resource storage structures, suggested to be indicative of more parasitic strategy) rather than arbuscules (nutrient transfer structures). In another study, [@b76] found significant plant-AMF co-adaptation to local nutrient conditions, also showing a genetic rather then a phenotypic effect. Whether shifts stem from a replacement of AMF species or evolutionary changes within a species is not known, but studies are needed as this has great implications for the maintenance of AMF functioning.

Addition of N fertilizer can likewise alter functional diversity of AMF. High N-fertilization in P-rich soils was shown to decrease AMF community richness and diversity ([@b29]). Particular AMF taxa have been found to be more sensitive than others to heavy application of mineral N ([@b112]; [@b161]). In one long-term study, the addition of calcium nitrate was correlated with massive colonization of *Glomus intraradices* in maize roots ([@b161]), a species previously reported as being 'nitrophilic' ([@b141]; [@b78]). *G. intraradices* may be affiliated more generally with nutrient enrichment as the abundance of the species also strongly increased following 8 years of N and P additions, compared to non-fertilized controls ([@b69]). The dominance of particular species could indicate competitive exclusion of others, explaining negative correlations between, for example, soil mineral nitrogen and the number of AMF sequence groups detected ([@b138]). Whether AMF functioning was reduced as well, was not determined.

Understanding how high nutrient regimes affect selection for functional diversity in AMF communities is made more complicated because AMF harbour two levels of genetic diversity on which selection can act, among individuals and within individuals. Within individuals selection can occur because different nuclei are present in single AMF isolates ([@b57]). [@b30] recently studied genetically distinct *G. intraradices* individuals isolated from the same field. They found that the isolates exhibited different strategies when grown on different host plants and under various phosphorus levels. Most interestingly, they found that strains of the same origin developed a different (composite) genotype under different host or nutrient conditions. This means that abiotic factors, such as phosphate availability, can alter the genotype of an AMF isolate over multiple generations. Among the different nuclei present in a single isolate, some were found to proliferate under a given resource availability, while others disappeared. Similar dynamics have been found by [@b116] upon cultivation of a *Glomus geosporum* isolate for one year in two soils with a different pH. They observed that the resulting lineages shared only one third of their genetic markers, and significantly differed in traits such as ability to increase phosphorus concentration in host plants, extraradical mycelium density and spore density when grown under the same conditions. Given that this fast genetic divergence coincides with fitness-related traits (such as spore density; [@b30]; [@b116]), studies are now needed to consider how uniform nutrient conditions will affect selection for greater or less mutualism and whether such conditions erode or increase genetic (and potentially functional) diversity both among and within AMF individuals.

If our goal is to maintain functional diversity of AMF communities to benefit crops (e.g. for other potential benefits such as water uptake or disease protection) despite high nutrient inputs, then research on the evolution of functional diversity of natural symbiont communities may unearth interesting approaches. Recent modelling work suggests that the evolutionary strategies used by plants to physically allocate resources to their (ecto-) mycorrhizal symbionts under different nutrient availabilities will influence the persistence of a functionally diverse symbiont community ([@b23]). The authors suggest that the carbon allocation strategy of the host plant plays a critical role in maintaining mycorrhizal functional diversity. Of three evolutionary strategies investigated, a selective carbon allocation strategy, in which host plant directs carbon to root tips based on a cost:benefit analysis, was identified as the only strategy that maintained productive, multi-symbiont communities ([@b23]). However, even when a selective carbon allocation strategy was simulated, high nutrient conditions tended to select against functionally diverse communities.

Whether host plants are physiologically able to selectively allocate carbon to their mycorrhizal mutualists is an important question ([@b81]; [@b80]; [@b8]), and given that this ability is expected to decrease under high nutrient regimes ([@b168]), empirical data to test these theoretical predictions are needed. There is some evidence that legumes bred under high N-regimes may be less effective at controlling carbon distribution to their rhizobial symbionts ([@b84]). Research also suggests that closely related citrus cultivars differ in their ability to control C-allocation to AMF, with those cultivars more dependent on AMF being less able to control costly colonization ([@b41]). Plant C-allocation traits may prove beneficial attributes to incorporate into breeding programs ([@b140]) given that an effective carbon allocation strategy has been named as a key trait in selecting for a multifunctional mycorrhizal community ([@b23]).

Cropping rotations: diversity in time
=====================================

In contrast to the evolutionary forces that shape agricultural AMF communities, an agricultural crop in the field may escape evolutionary selection pressures. This is because a plant genotype can be re-planted year after year in an agricultural system, regardless of its actual fitness. Although some genotypes may be abandoned if agronomic performance is poor, a plant\'s individual fitness will have no effect on the genetic composition of subsequent crops. This can lead to strong asymmetry in the evolution of partners. [@b13] studied evolutionary asymmetry by measuring differences in infectivity and resistance of coevolved bacteria and their viral parasites, as compared to infectivity and resistance in their ancestral strains. In a series of infections and isolations, they found that when the latest (coevolved) viral parasites were allowed to infect the initial bacterial strains, the parasites were significantly more virulent.

This asymmetry may not be so different from plant-AMF interactions in agricultural systems. Continuous re-cropping of wheat, a crop not highly dependent on AMF for nutrient acquisition, is an interesting illustration. Although there are reports that wheat crops can benefit from mycorrhizal associations ([@b99]; [@b156]), AMF colonization of wheat under field conditions has been documented to result in largely negative growth effects ([@b134]; [@b135]). When wheat is re-cropped continuously, these negative AMF effects can begin to resemble parasitism, with increases in AMF colonization leading to decreases in soluble carbohydrates of wheat hosts ([@b135]). Although these negative AMF effects could be the result of a straight density effect (e.g. negative effects of high fungal density), another theory is that the continuous cropping of a single host genotype will speed up the evolution of a mycorrhizal symbiont ([@b82]). This could allow the symbiont to evolve measures to counter plant strategies to enforce cooperation, perhaps leading to a decrease in symbiont effectiveness over time ([@b80]). Alternatively, if hosts impose effective sanctions against less-mutualistic strains, despite being re-cropped year after year, then continuous monoculture would theoretically provide the strongest possible selection for mutualism.

The combination of continuous re-cropping of a single monoculture host combined with increased dispersal of AMF propagules from intensive tillage regimes has the potential to result in large population increases of a single, dominant AMF strain. Evolutionary research on the population dynamics of clonally reproducing organisms suggests that the larger the population size, the higher the rate of adaptation ([@b26]; [@b47]). In wheat, to reduce parasitism and reduce mycorrhizal colonization, a non-mycorrhizal *Brassica '*break crop' can be grown which results in superior growth of the subsequent wheat crop ([@b133]). Interestingly, *Brassicas* can sometimes be better 'break crops' than legumes -- which *are* mycorrhizal ([@b85]) -- and their ability to clean the 'mycorrhizal commons' (e.g. by reducing total populations of mycorrhizal fungi of which all are harmful) might be one explanation. [@b71] found consistent negative correlations between spore abundances of proliferating fungi and the performance of the crop on which they proliferated, providing correlative evidence that crop rotation has the potential to drive AMF communities to be less parasitic.

A parallel, but even more extreme example is the negative effects of *Glomus macrocarpum* on tobacco*, Nicotiana tabacum.* This mycorrhizal species can cause Tobacco stunt disease ([@b106]). However, by rotating tobacco with a fescue crop, higher tobacco yields were found, coinciding with ecological but not necessarily evolutionary changes in the species composition of the mycorrhizal communities ([@b56]). [@b3] have shown that the proliferation of *G. macrocarpum* is crop specific, highlighting the importance of choosing an appropriate crop for rotation. Together these lines of evidence support a 'negative feedback' hypothesis in which AMF proliferation on a given host is negatively correlated with that host\'s benefit ([@b7]).

Crop rotation may act as a strong selective agent by preventing particular mycorrhizae from dominating the soil profile. However, is the opposite true? Does increasing frequency of rotation actually increase the functional diversity of the community? If so, is frequent rotation to the betterment of the crop host? Many studies have demonstrated the predominantly positive microbe-mediated fertility effects of rotation (e.g. [@b126]), and even shown that crop-rotation is related to higher AMF diversity ([@b111]; [@b58]), and can lead AMF communities in agricultural systems to more closely resemble communities derived from natural sites ([@b164]). However, it is difficult to demonstrate direct benefits of higher AMF diversity as related to rotation effects. Perhaps the most likely place to see an AMF evolutionary effect of crop rotation is when a long-standing perennial crop, such as a green fertilizer, is rotated into an annual cropping system. Legumes are strongly AMF dependent and the cropping of a perennial legume would eliminate asymmetrical evolution because the plant\'s fitness/growth of over subsequent growing years could have an effect on the genetic composition of the AMF community.

In a recent publication, [@b115] demonstrated that arable lands with an extensive crop rotation, including a perennial grass-clover mixture, were richer in AMF species than their continuous-monoculture counterparts, and even richer than natural grasslands. This demonstrates the potency of including a mycorrhizal green-manure in rotation as a means to increase AMF richness. What is striking is that many AMF species not detected in continuous monoculture fields, were detected in laboratory microcosms created from these monoculture field soils after 8 months of growth. Apparently, the growth of these slower sporulating genotypes had been strongly depressed, but they were able to increase in abundance again when associated with plants allowed to grow longer than the average crop season. These lines of evidence suggest that including perennial crops in rotation, apart from other benefits (e.g. [@b31]), may be an effective strategy to counter genetic erosion and potentially clean the agricultural commons of dominant AMF genotypes.

Polycultures, diversity in space
================================

One unique aspect of the AMF mutualism is that both host and symbiont are able to simultaneously interact with several partners; even a 'single' AMF may be connected to a multitude of host plants. This means that in natural communities, AMF will be exposed to selection pressures from several different plant species. Because AMF-plant species associations are non-random ([@b162]; [@b139]), differential promotion of AMF strains by different plant species is likely to result in a correlation between the diversity of a plant community and the diversity of its AMF community. Indeed, correlations between plant and AMF diversity have been found ([@b90]), and lowest aboveground diversity in agricultural systems has been shown to correlate with lowest AMF soil diversity ([@b117]), but tests are needed from more systems.

However, not all evidence supports the positive relationship between plant diversity and AMF diversity (e.g. [@b95]). For example, plants inoculated with soil from four sources: (i) bare fallow soil, (ii) soil from under non-mycorrhizal plants, (iii) soil from under a monoculture and (iv) soil from under a 12 plant species polyculture, differed strongly in the diversity of colonizing AMF species ([@b74]). Surprisingly, bare fallow and non-mycorrhizal crops produced highest diversity followed by the polyculture soil. However, the lowest AMF diversity was derived from the monoculture. This suggests that conditions that strongly favour a particular AMF species or strain (e.g. abundance of a particular host) can lead to lower overall AMF diversity. This may be attributed to host-specific mycorrhizal growth rates ([@b6]), with host plants supporting the growth of a few select species.

Host identity likewise plays a clear role in structuring AMF communities. Recent work found unique AMF communities associated with a variety of single plant monocultures, but diversity effects were altered when heterospecific neighbor plants were included in the microcosoms ([@b50]). In an agroforesty context, tree-based intercropping with soybean legumes showed higher AM fungal diversity, as expressed by the Shannon-Wiener indices, compared to typical forest plantation, suggesting that intercropping systems may enhance fungal richness ([@b20]). In an experiment of legume-intercropping, it was shown that AMF could mediate N-transfer to a non-legume (chicory), resulting in a gain between 15% and 77% of the receiver\'s shoot nitrogen balance ([@b101]), and thus providing a clear benefit. This transfer, however, depended strongly on AMF isolate and plant variety combination.

The impracticality of managing polycultures from an agronomic perspective means it is unlikely that farmers will shift to growing diverse cropping systems simply to facilitate a 'proposed' increase in AMF functional diversity, not even if direct nutrient benefit are expected. This is especially true if the potential AMF-mediated crop gain from the intercropping is dependent on the presence of a functionally diverse AMF community. However, multiple cropping systems, such as grass-clover mixtures, are routinely used for green manure and live-stock feed. This polyculture combination is interesting to consider because legumes are more dependent on AMF for P-supply (but see [@b152]) than most other plants ([@b142]), whereas grasses have large, fine root systems reaching great depths (exceeding tilled zone; [@b16]). Rooting depth may be an important factor in selecting for functionally diverse AMF communities, as the highest AMF diversity is typically below ploughing depth ([@b113]). Therefore this particular polyculture combination may be one route toward selecting for a functionally diverse AMF community. Together with the fact that intercropping with legumes is found to increase stratification of nutrient uptake ([@b49]), this could have the potential to benefit AMF-community at greater depth. In recent years, including less economically valuable crops in rotation to reduce pathogen pressure has gained popularity. Likewise, benefits of multi-cropping may prove to outweigh costs if the practice leads to selection for beneficial AMF traits.

Conclusion
==========

The first two questions addressed in this review were: (i) What are the evolutionary selection pressures that promote or diminish microbial biodiversity in agricultural systems? And (ii) Can promotion of microbial biodiversity be convincingly linked to increases in agricultural productivity and/or sustainability? In regards to (i), studies on AMF have focused on documenting effects of various agricultural management schemes on AMF diversity. Although such studies are essential to understand the genetic hierarchy of AMF community response, the second question can only be answered through a shift of focus to '*functional* diversity', not just 'diversity' of AMF. In theory, there are numerous AMF attributes (pathogen and herbivory protection, alleviation of water stress, tolerance to salinity, pH, toxins, etc.) with the potential to increase agricultural productivity and sustainability. However, we are seeing that current management practices are more likely to favour AMF with attributes less beneficial for crop hosts, such as fast, abundant sporulation and increased carbon acquisition from hosts. A less beneficial AMF community fails to provide optimal functioning (nutrient acquisition and otherwise) and so agricultural practices (e.g. higher fertilization) are required to maintain crop productivity, with the result that these practices continue to degrade the AMF community.

Calling for large-scale changes in management regimes is not practical, especially given that AMF functional attributes, at least at field scale, are still more theoretical than demonstrated. However, relatively small scale changes in agricultural practices may lead to a more functionally complex AMF community, potentially with the benefit of increasing productivity ([Fig. 3](#fig03){ref-type="fig"}).

![Schematic representation of selective environment imposed by 'sustainable' management practices (left) and their influence on the AMF community (middle). Implementation of more sustainable management regimes is predicted to increase the benefit of AMF to agricultural systems by facilitating a re-establishment of AMF with functionally diverse attributes.](eva0003-0547-f3){#fig03}

The last question we aimed to answer with our review, is also the most urgent: what small-scale changes in management practices (e.g. particular crop rotations) will have large-scale benefits towards increasing the functioning of AMF communities?

One route towards gathering more concrete data on the selection pressures that modify functional traits in AMF is through the use of microcosms (e.g. [@b10]) inoculated with AMF communities from agricultural fields. Multigenerational experiments in which treatments mimic agricultural selection pressures such as tillage, fertilizer regimes, crop rotations and crop polyculturing may begin to capture how agronomic-like manipulations modify functional traits of AMF communities over time. The small size of the experiments would allow the tracking of genetic diversity (ideally both among and within AMF individuals), as well as functional diversity. Benefits of specific functional attributes could be measured and followed over multiple generations. We could then begin to determine the specific AMF strategies favourable in an agricultural context and ask what selection pressures facilitated their spread in the AMF community. Beneficial strains surviving over several generations of strong agronomic selection pressures could be isolated, propagated and potentially introduced with their host crop into the field. Two major pitfalls in this approach are (i), problems of scaling up from microcosms dynamics to agronomic fields ([@b115]), and (ii), the recently highlighted issues of introducing AMF inoculum strains into (albeit managed) ecosystems ([@b146]; [@b108]).

From a purely evolutionary point of view, the incredibly high evolvability of AMF strains makes them an interesting model organism for investigations into rates of adaption. [@b30] found that under laboratory conditions, AMF genetic composition could change within one propagation cycle upon nutrient or host selection pressures. Future research should focus on whether this change is random or directed. If random, local drift processes may occur but the population as a total may still harbour the same genetic information. If directed, however, this could mean rapid evolution of AMF strains with the likely loss (or gain) of valuable functions due to strong agronomic pressures. Ideally, molecular methods will be developed in the near future utilizing gene-expression as a way to approximate mutualistic benefit for specific functional traits ([@b39]). These types of tools could prove to be useful for the future management of agroecosystems, ultimately allowing farmers to maximize mutualistic benefit of soil microbes.
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